THE REVIEW BY M. I. HOFFERT ET AL.
("Advanced technology paths to global climate stability: energy for a greenhouse planet," 1 Nov., p. 981) discusses a wide range of advanced technology solutions to achieving global climate stability. Their treatment of nuclear energy, however, is completely inadequate. Nuclear electric power and, with a small extension, nuclear process heat are the only alternatives among those considered that have been tested at a commercial scale. Because noncarbon alternatives to nuclear energy are not yet proven on a commercial scale, a wide range of options for sustainably applying nuclear technology must receive increasing attention.
In the short term, there is no fuel resource problem. Even a trebling of capacity to meet the Kyoto accords is possible with uranium fuel at reasonable cost for 50 years. Beyond this, W. C. Sailor et al. (1) estimated that onethird of a postulated (high) 900 EJ/year primary energy demand in a 2050 world could be met by nuclear fission. To meet this level of demand, either cheaper fuel must be found, an increased cost must be accepted, or fuel must be bred from 238 U or 232 Th.
Breeding plutonium from 238 U would extend the uranium resource base by a factor of about 70; higher-cost uranium resources would then become feasible, extending that resource for 1000 years.
Although Hoffert et al. state that "breeder reactors are needed for fission to significantly displace CO 2 emissions by 2050," the need for a breeder reactor is less immediate than was perceived in the 1970s. The decrease in the price of raw uranium presently makes breeding uncompetitive and reduces the need for a rapid expansion, so that even more safe and economic reactor designs with a lower breeding ratio can now be considered. Moreover, reprocessing and recycling of spent fuel can dramatically reduce the heat load and radiotoxicity of the long-lived actinides sent to any waste repository. "Waste form modification," therefore, is being reconsidered for improved repository performance independently of perceived uranium resource issues.
Contrary to what Hoffert et al. state, breeding as well as reprocessing has not been illegal since the Reagan administration.
Hoffert et al. raise concerns about nuclear energy but do not describe how these concerns are being addressed. Indeed, major accidents have occurred at the Windscale, Chernobyl, and Three-Mile Island nuclear power plants. Much has been learned and applied from these events. Analyses of these few serious accidents have improved operational safety, which was already high.
Nuclear fission technology is indeed deeply rooted in the bomb-making military. Materials generated as a byproduct of commercial nuclear power might lead to undesirable proliferation of nuclear weapons. Proliferation-resistant commercial fuel cycles are being explored, although no nuclear weapons proliferation has been attributable directly to a commercial power plant or the attendant fuel cycle. Inefficiencies and public concerns led to cost increases between 1973 and 1990; however, since 1990, the economics of nuclear power have improved significantly. Several avenues should now be developed simultaneously: (i) further developing low-cost uranium and (ii) improving the economic and environmental characteristics of various breeder technologies. Fossilcoal and fissile-uranium share one common feature-they do not have a resource problem on the time horizon of 500 years. It is the environmental issues, in their broadest sense, that are likely to determine the choice. We agree that carbon stabilization at low levels will be difficult and not cost-free. We agree that enhanced R&D and investment in conventional and new technologies is necessary. But we stand by the IPCC conclusion that today's technically feasible technologies including energy efficiency improvements could stabilize carbon concentrations if further developed and deployed, and if complemented by necessary nonenergy initiatives and associated socio-economic and institutional changes. 
Letters to the Editor

Response
EXISTING TECHNOLOGIES CAN CONTRIBUTE
to global warming mitigation. However, projected levels of emission-free power needed later this century to stabilize climate change appear to be so unprecedented (1, 2) that it would be foolhardy not to assess a broad spectrum of advanced energy sources, converters, and enabling technologies.
The IPCC Special Report on Emission Scenarios (SRES) projects 40 energy scenarios (3). Unfortunately, no reliable theory exists to assess their probabilities. Our 33 TW primary power in 2050 is close to the midcentury mean of the SRES range. Unlike SRES, we specify a range of concentration targets and compute CO 2 emission-free power required as a function of time. We recently extended our analysis to global warming targets, including climate sensitivity uncertainty effects (4). For example, a 2°C warming target (which can still produce adverse climate impacts) requires non-CO 2 -emitting primary power in the 10 to 30 TW range by 2050.
The crux of our disagreement with the IPCC Mitigation Panel is whether "known technologies"-which they define as already existing "in operation or as pilot plants"-can generate such massive emission-free power. Remarkably, their definition excludes fossilfueled zero emission plants (ZEPs), with CO 2 sequestered. DOE just announced plans to build the first ZEP pilot plant by 2010-15 (5) .
O'Neill et al. say that fusion and solar power satellites are not feasible because the process "from invention, to demonstration projects, to significant market shares typically takes between five and seven decades." Fusion power reactors may be unlikely before the latter half of the 21st century, but a fission path employing fusion-fission hybrid breeders based on paid-for tokamak technology (advo- 
dEbates!
al., both the NASA "Fresh Look Study" and recent U.S. National Research Council assessments find space solar power feasible on decadal time scales (7) . Leisurely market penetration times may apply to classic fuel substitutions, but not, historically, to technologies accelerated by government research: Gas turbines, commercial aircraft, spaceflight, radar, lasers, integrated circuits, satellite telecommunications, personal computers, fiber optics, cell phones, and the Internet all developed faster (8) .
What about demand? Our 10 to 30 TW emission-free requirement by 2050 assumes ~2%/year growth in primary power demand: ~3%/year GDP growth (for some measure of equity for developing nations) less ~1%/year from declining E/GDP (energy per unit of GDP). The latter is where efficiency improvements come in (9, 10) . We realize there are many efficiency improvements possible. The question is whether they add up to >1%/year (11) .
We agree with Krakowski and Wilson that fission can contribute fundamentally to global climate stability. Today, anxieties over waste disposal and diversion to weapons are evident in Nevada's opposition to a spent nuclear fuel repository in Yucca Mountain and the Pentagon's deployment of long-range bombers capable of destroying North Korea's Yongbyon reactor complex. These issues may indeed be amenable to technical solutions (12) . But, as indicated above, holding global warming to <2°C requires 10 to 30 TW emission-free power in 50 years for plausible economic growth, regardless of power sources. W. C. Sailor and colleagues independently recognized this by putting 10 TW from fission by 2050 in their nuclear scenario (13) .
Although it is no longer technically illegal in the United States, commercial breeding of fissile fuels is not being done anywhere today to our knowledge (the United States, France, Japan, and Germany have suspended their commercial breeder reactor programs). Continued 235 U burning at 10 TW rates will require finding major new high-grade uranium deposits to prevent rapid exhaustion (2) . Low-grade ores face serious environmental and cost issues. Our finding of massive flow rates needed for seawater extraction of 235 U surprised us. And we are nowhere near able to breed on the scale needed to realize theoretical factors of 60 ( 238 U → plutonium) or 180 (Th → 233 U) increase in fissionable fuels. The issue for global warming is not breeding, as such, but our ability to breed fast enough. This will require drastic shifts in technology and substantial research and development.
We are astonished at continued confident forecasts by Swart et al. that "existing" technology can accomplish the mitigation job ahead, while they discount or ignore technologies they deem too advanced. Expert predictions of technological readiness are notoriously unreliable (14) . The near-term maturity of highly desired technologies is commonly overestimated (ballistic missile defense, cancer cures, controlled fusion), even as promising innovations perceived as too futuristic are often underestimated (8, (15) (16) (17) .
Market penetration rates of new technologies are not physical constants. They can be strongly impacted by targeted research and development, by ideology, and by economic incentives. Apollo 11 landed on the Moon less than a decade after the program started. We are confident that the world's engineers and scientists can rise to the even greater challenge of stabilizing global warming. But it does not advance the mitigation cause to gloss over technical hurdles or to say that the technology problem is already solved.
